The effect of potential climate change on groundwater-dependent vegetation 7 largely depends on the nature of the climate change (drying or wetting) and the level of 8 current ecosystem dependency on groundwater resources. In south-western Australia, 9
Introduction

1
Much of Australia's internationally recognised rich biodiversity is associated with 2 groundwater discharge zones, which can be localised (i.e. wetlands or rivers) or 3 diffuse (i.e. areas of terrestrial vegetation). The ecosystems associated with these 4 zones are known as groundwater-dependent ecosystems; they require the presence or 5 input of groundwater to maintain some or all of their ecological function, composition 6 or structure (Eamus and Froend, 2006; Murray et al., 2006) . Hatton and Evans (1998) 7 identified four broad ecosystem classes within which groundwater plays an important 8 role: terrestrial vegetation, river baseflow systems, aquifer and cave systems, and 9 wetlands. These ecosystems were identified as being potentially vulnerable to 10 groundwater abstraction and climate-induced hydrological change. to identify the potential distribution of GDTV at a regional scale using the observed or 25 modelled watertable depth. 26
In contrast, the sensitivity of GDTV to long-term and short-term change in groundwater 27 regime has been studied to a lesser extent. Documented impacts vary from progressive 28 shifts in species composition to profound impacts on ecosystem function leading to biotic such cases, the effect of groundwater abstraction was frequently found to be more 17 significant than changes in climate conditions. 18
However, the effect of climate change on GDTV is more complex. Projected global 19 warming is likely to lead to an increase in water demand. At the same time, elevated CO 2 20 (a main greenhouse gas) allows plants to increase their water-use efficiency (Medlyn et al., 21 2001; Leuzinger and Korner, 2007; Loehle, 2007; Kohler et al., 2010) . This can lead to an 22 increase in leaf area, a reduction in transpiration, or both (Eckhardt and Ulbrich, 2003) . 23 Conversely, a projected reduction in rainfall in many regions is likely to reduce overall 24 water availability. The combination of these factors is likely to have an impact on 25 renewable groundwater resources and their sensitivity to climate change (Barron at al., 26 2011), as groundwater recharge is largely dependent on land cover. An assessment of the 27 effect of climate change on GDTV is needed to account for these major governing 28 processes and their changes under future climatic conditions. 29
When climate change impact on mean annual rainfall is considered, the most consistent 30 projections in its reduction are in regions with Mediterranean-type climates (Bates et al., 31 2008), including south-west Australia. Here drying climatic conditions will lead to an 32 increasing dependency on groundwater resources for urban and irrigation water supply, 33
May to October). Annual rainfall has a pronounced latitudinal gradient with the highest in 23 the south of the area (1290 mm) and the lowest in the north (305 mm). 24
The Swan Coastal Plain marks the deep sedimentary Perth Basin which (onshore) is a 25 narrow strip, 30-100 km wide by 1000 km long, from Geraldton along the western 26 coastline down to the south-west of Western Australia. The basin contains one of 27 Australia's most important groundwater resources (AWR, 2005) and at the surface is 28 characterised by a dunal landscape with low relief and a shallow watertable. 29
The specific hydrogeological and hydrological conditions of south-west Australia, in 30 association with its profound geographic isolation from other temperate areas, have 31 resulted in unique ecological systems. There is an unusually high degree of endemism 1 in plant and animal species, and many water-limited ecosystems are recognised at the 2 international, national and state level for their conservation value. High biodiversity is 3 also a hallmark of these ecosystems; it's estimated they contain 1% of the world's 4 total number of plant species and approximately 1000 species yet to be named 5 The results of groundwater modelling were analysed deploying a risk assessment 30 framework developed for the groundwater-dependent vegetation of the Perth region 31 (Froend and Loomes, 2004) . The risk rating was identified based on the antecedent 1 groundwater level prior to the study period and both the magnitude and the rate of 2 change in groundwater levels over the investigated period. 3
Details of the adopted methodology are outlined below. 4 development scenario was deployed, based on the median climate scenario, which 5 incorporated full development of water resources (extraction up to the maximum level 6 defined in current water allocation plans in the region). 7 Aquifer between these years for future wet, median, dry and development scenarios. 31
Future climate
Groundwater modelling
The absolute change in the maximum depth to groundwater over the simulation period 32 (∆H) and the rate of groundwater level drawdown (or ∆H/t, where t is the simulation 1 period of 23 years) were calculated for each computational cell. These allowed the 2 estimation and mapping of the risk rank for each computational cell within the model 3 as low, medium, high or extreme as shown in Figure 2 . 4
In order to further explore the applicability of PRAMS results to the ecological risk 5 assessment, the method was also applied to a historical period of 23 years between 6 1984 and 2007, allowing comparison of observed changes in vegetation with the risk 7 assessment resulting from the deployed methodology. Over this period a 15% 8 reduction in annual rainfall was observed which coincided with a three-fold increase 9 in groundwater abstraction in the region. 
projected to be at a high or severe risk. 10
As expected, the greatest risk to GDTV is projected to occur under the dry future 11 scenario. The area where GDTV is projected to be under severe and high risk 12 increases to 10%, 21% and 38% for terrestrial vegetation with a depth to watertable of 13 0 to 3 m, 3 to 6 m and 6 to 10 m respectively (Figure 8 ). Similarly to the median 14 future climate scenario the majority of high and severe risk areas are in the central and 15 northern area, where groundwater abstraction, assumed to be equal to current 16 groundwater use, is particularly high. 17
The development scenario, for which a median future climate scenario was used but 18 with the groundwater abstraction rates higher than current, leads to an increase of 54-19 60% in the areas where moderate, high and severe GDTV risk categories are 20 projected, when compared to the median future climate without development (Figure  21 9). However, the low risk category still dominates within the study region. The results of the analysis indicate that the greater risks for GDTV are due to a significant 25 reduction in recharge, such as under the most dry climate scenario, and/or an increase in 26 groundwater discharge, such as higher groundwater abstraction volumes. The risks 27 appeared to be more significant for vegetation established over deeper groundwater, i.e. 6 28 to 10 m below ground level. Though the first two conclusions are expected, the higher risk 29
for GDTV in zone 3 is at a first glance counterintuitive, particularly when in the adopted 30 framework the threshold values for this class were the highest amongst all GDTV classes 1 exceeded the extreme risk threshold. As these groundwater level changes are long-7 term averages, it is unlikely they are either seasonal or short term in their effects. 8
On the other hand groundwater use by vegetation (or groundwater diffuse discharge) 9 is greater when plants are established over a shallower watertable; and if it is 10 shallower than 6 m, groundwater can contribute up to 50% of vegetation water use 11 (Zencich et al. 2002) . A reduction in gross recharge followed by a lower watertable 12 leads to a reduction in evapotranspiration losses from the groundwater table, which, to 13 some extent, buffers the overall reduction in net recharge under future climate 14 scenarios in this region. However, such a buffering effect is more pronounced in areas 15 where the initial watertable was shallow (<3 m). The net recharge in those areas is 16 projected to increase under all future climate scenarios ( Figure 10) . As a result, the 17 overall impact of climate change on groundwater levels appears to be less significant 18 in areas of the most shallow groundwater occurrence (<3 m). 19
Such observations can explain why the overall risk for GDTV is lower in the southern 20 areas of the study region, which appears to be less vulnerable to climate variability. 21
The lower degree of projected risk for all categories is due to the shallow watertable, 22 leading to relatively higher than elsewhere gross recharge sufficient to maintain a high 23 watertable under a climate with less rainfall and overall an increase in net 24 groundwater recharge (Figure 6 ). There is also limited groundwater abstraction in this 25
area, which appears to have a profound effect on GDTV risk in the north of the 26 region, as discussed below. 27
As mentioned above, GVDV risk criteria were defined based on the 30 years of 28 historical observations. It appears that the future climate projections are likely to lead 29 to exceeding the identified risk thresholds particularly for vegetation established over 30 a deeper groundwater (zone 3). The recent tree mortality cases, reported for the region 31 of Gnangara Mound (DEC, 2011), followed a few years of particularly low rainfall. 32
Those cases were related to vegetations in the regions of deep groundwater 1 occurrence and were not found in the regions where groundwater was shallow. To 2 some extent this validates the above observations, which are also discussed in the 3 following section. 4
Effect of groundwater development on GDTV risk
5
Increase in groundwater abstraction is projected to have further effect on water level 6 and net recharge ( Figure 10 and Figure 11 ). When median and development scenarios 7 are compared, additional groundwater abstraction leads to an increase in net recharge 8 in the zone 1 and zone 2, while having a limited impact on net recharge in zone 3. As 9 groundwater abstraction causes watertable drawdown, as illustrated on Figure 11 , 10 when median and development scenarios are compared, it also leads to reduction in 11 groundwater losses to evapotranspiration, and hence net recharge. This is most 12 profound in the areas with a shallow watertable (<6 m, zone 1 and zone 2). 13
Higher GDTV risks under both the historical (Figure 4 ) and future climate scenarios 14 ( Figure 9 ) were identified in regions with significant groundwater abstraction, i.e. 15
around Gnangara Mound in the central part of the study area (to the east between 16
Perth and Lancelin) and Jandakot Mound (to the west from Armadale). Under the 17 historical and future climate scenarios, abstraction was applied within all production 18 aquifers, including confined systems. Although the impact of groundwater abstraction 19 from the confined aquifers on the watertable (and therefore GDTV) was not assessed, 20 it is likely that the impact of groundwater abstraction from the unconfined Superficial 21
Aquifer is more immediate. As the abstraction volumes were reported for individual 22 groundwater management areas (GMAs) and included abstraction from all modelled 23 aquifers combined, it is not feasible to define the relationship between the abstraction 24 volumes and GDTV risk for the future climate scenarios. 25
However, under the future development scenario, which was based on the median 26 climate scenario and full development of water resources up to the maximum 27 allocation level, the modification in groundwater abstraction was applied only to the 28 Superficial Aquifer. This allowed for comparing the increase in groundwater 29 abstraction in individual GMAs with the relevant changes in GDTV risks between the 30 median and development scenarios, caused by groundwater abstraction only (Figure  31 1212). The results indicate that within GMAs, groundwater abstraction led to an 32 increase in risk to GDTV for all depth-to-watertable zones. However, there were 1 differences between GMAs in the degree of change in GDTV risk, mostly likely due 2 to variations in hydrogeological conditions between GMAs. The hydrological consequences of future climate change and resource development on 11 groundwater-dependent ecosystems can only be estimated using predictive models, 12
including GCMs, recharge and groundwater models as well as vegetation response 13 models. However, these models are necessarily conceptual simplifications of reality, 14 based on limited observation and our current understanding of the system. Some • There is a very limited impact on GDTV under future wet scenarios, while 30-7 40% of potential GDTV may be affected to some degree under a median 8 future climate and 70-80% under a dry future climate. It is acknowledge 9 though that climate change can lead to more complex impact on vegetation, 10 such as duration of the dry seasons (which becomes increasingly longer), high 11 temperature during some month and heatwaves and others, which may 12 increase the overall ecological risks. 13
• The impact is expected to be most noticeable for terrestrial vegetation over 14 deeper groundwater (6 to 10 m). This is due to a greater reduction in net 15 groundwater recharge, leading to the reduction in groundwater levels, in those 16 areas compared to the areas with shallower groundwater. 17
• Additional groundwater abstraction exacerbates the risk to GDTV. Figure 2 The ecological risk assessment framework; each risk category is specified by 5 relationship between changes in groundwater level and the rate of these changes, the 6 thresholds of which varied for terrestrial vegetation dependent on groundwater with 7
depths ( 
